Abstract Dietary restriction (DR) increases life span, health span and resistance to stress in a wide range of organisms. Work from a large number of laboratories has revealed evolutionarily conserved mechanisms that mediate the DR response. Here, we analyzed the genome-wide gene expression profiles of Caenorhabditis elegans under DR versus ad libitum conditions. Using the Ortho2ExpressM-atrix tool, we searched for C. elegans orthologs of mouse genes that have been shown to be differentially expressed under DR conditions in nearly 600 experiments. Based on our bioinformatic approaches, we obtained 189 DRresponsive genes, and 45 of these are highly conserved from worm to man. Subsequent testing of sixteen genes that are up-regulated under DR identified eight genes that abolish the DR-induced resistance to heat stress in C. elegans. Further analyses revealed that fkb-4, dod-22 and ikb-1 genes also abolish increased life span in response to DR. The identified genes that are necessary for the DR response are sensitive to certain stress signals such as metabolic perturbances (dod-22, fkb-4 and nhr-85), DNA damage (ikb-1), heat shock (hsp-12.6) and cancer-like overgrowth (prk-2 and tsp-15). We propose that most of the DR-responsive genes identified are components of the recently discovered cellular surveillance-activated detoxification and defenses pathway, which is, among others, important for the survival of organisms in times of food deprivation.
Introduction
In the past decades, nutritional science has increasingly shifted from an expert niche to the central focus of molecular genetics, biochemistry, bioinformatics and medical research as important interconnections between the diet and widespread diseases such as cancer, stroke, neurodegenerative diseases and cardiovascular diseases became apparent (Hirabayashi et al. 2013; Hariri and Thibault 2010; Kahn et al. 2006; Van Gaal et al. 2006) . Even more importantly, dietary restriction (DR) increases life span, health span and resistance to environmental stress in a wide range of organisms (Mair and Dillin 2008) . DR is defined as a significant reduction in energy and macronutrient intake in the absence of malnutrition (Weindruch et al. 1988) . A large number of laboratories are involved in unraveling the molecular mechanisms that mediate the DR response. The TOR/AMPK, insulin, sirtuin and autophagy pathways are important for this response (Kenyon 2010) . Notably, many components of these pathways were first identified in model organisms such as Caenorhabditis elegans and have subsequently been confirmed as important in higher organisms, including humans (Kenyon 2010; Kenyon et al. 1993; Tissenbaum and Guarente 2001; Mair and Dillin 2008) .
Over the past 30 years, the increasing application of high-throughput technologies (HTP) within the field of molecular genetic research has shifted the focus from studying the activity of single genes, proteins and pathways to the level of whole genomes, transcriptomes and metabolomes, thus introducing the ''-omics'' era of life science (Szewczyk et al. 2006; Smith and Petrenko 1997; Li et al. 2004; Pungaliya et al. 2009 ). As a consequence, huge amounts of data derived from various HTP approaches studying a large number of species, tissues and diseases are being assembled. Nevertheless, adequately dissecting those data to generate relevant scientific information still appears to be very challenging. In the present study, we introduce a comprehensive meta-analysis of microarray data acquired in the model organisms C. elegans and the mouse, under DR versus ad libitum (AL) conditions. The major aim of the study was the identification of evolutionarily conserved genes in the DR response. Therefore, we combined bioinformatic approaches with functional assays in C. elegans.
Materials and methods

Data sets and databases
Five microarray data sets were generated in our laboratory [(Palgunow et al. 2012); Klapper et al. unpublished] . Two microarray data sets were obtained from the Gene Expression Omnibus (Barrett et al. 2009 ) and Array Express (Parkinson et al. 2009 ) databases. Common databases and tools such as Wormbase, InterPro, NCBI GenBank, KEGG pathways, Pfam, Gene Ontology, DAVID, a tissue-specific expression prediction tool (Chikina et al. 2009 ) and the Ortho2Express Matrix program (Meinel et al. 2011) were used.
Nematode strains and dietary restriction protocol
The following C. elegans strains were used:
Wild-type N2, cpr-2(ok2833), hsp-12.6(ok1077), odr-10(ky225), ftn-1(ok3625), fkb-4(ok240), ikb-1(nr2027), C05D11.7b aka dpy-5(e907) I, sEx16156, nhr-85(ok2051), prk-2(ok3069), tsp-15(sv15), dod-22(ok1918), F35E12.8 (ok2220), dod-17(ok2387), dod-24(ok2629), C33A11.1 (ok3681) and sup-12(ok1843). Mutant strains were obtained from the Caenorhabditis Genetics Center (Minneapolis, MN, USA). The DR protocol was recently established in our group (Palgunow et al. 2012) . Briefly, standard NGM medium without bactopeptone was used to induce DR on 90-mm-diameter agar plates. E. coli OP50 bacteria were grown at 37°C in DYT medium until they reached an optical density (600 nm) of 1.5. Subsequently, the bacterial suspension was concentrated or diluted in M9 buffer, resulting in a series of bacterial suspensions ranging from OD 600 nm 0.3 to 6.0. In total, 250 ll of each suspension was seeded per plate. For the ad libitum condition, the plates used were standard NGM plates that were seeded with 250 ll E. coli with an OD 600 nm of 1.5. Plates were incubated at 37°C overnight.
Heat stress assays
The experimental plates were 35-mm-diameter NGM plates seeded with OP50. Late L4-stage worms were picked from synchronized NGM plates and transferred (15-25 worms per plate) to experimental plates. After completion of development to adults at 20°C (16 h), plates were incubated at 35°C. After 6 h of heat exposure, survival was scored hourly by assessing touch-provoked movement until all worms had died. At least four plates were used for each condition; all experiments were carried out at least twice at two different times. The SPSS version 19 (IBM) statistical analysis package was used for all thermotolerance statistics. P values were calculated using the log-rank (Mantel-Cox) method.
Life span assays A total of 100 hermaphrodite N2 worms were picked from synchronized plates, transferred to 35-mm-diameter NGM plates seeded with OP50 and then allowed to lay eggs for 60 min. Thirty eggs were picked from each plate and transferred to fresh plates seeded with OP50 bacteria. Worms were transferred every 2 days until they stopped reproducing. Subsequently, they were transferred every 7 days until death. Animals were scored as dead if they failed to respond to a tip on the head and tail with a platinum wire. Worms with internal hatching, exploding worms or worms that left the plate were excluded.
Results
Identification of evolutionarily conserved genes that are differentially expressed in response to dietary restriction To identify genes that are differentially expressed in response to DR, we used five microarray-based gene expression data sets generated in our laboratory and tested DR conditions versus AL conditions in C. elegans (Palgunow et al. 2012; Klapper unpublished) . In these experiments, early-larval-stage L4 animals, late L4 worms and adults were exposed to mild or severe DR. In addition, we used two available data sets (GSE6057 and GSE 9682) that were derived from experiments with mixed-stage wild-type worms grown in liquid minimal axenic medium versus worms grown on full medium (Szewczyk et al. 2006 ) and animals exposed to intermittent fasting or ad libitum food intake (Honjoh et al. 2009 ). We selected genes that exhibited consistent up-or down-regulation in response to DR in at least five out of seven data sets (Fig. 1a, S2 ). This approach yielded 157 DR-responsive genes (Table S2) . As a second approach, we searched for functional C. elegans orthologs of 28 mouse genes that have been shown to be regulated under DR in nearly 600 experiments (Swindell 2008 ; Table S1 ). We used the Ortho2Express Matrix tool (Meinel et al. 2011 ) to identify functional orthologs in the two species (Fig. 1a) . We found no orthologs in C. elegans for ten mouse genes, suggesting that these might be evolutionarily ''modern'' genes ( Fig. 1a) . For 18 mouse genes, we found 32 C. elegans functional orthologs. The homology and functional domains of their encoded proteins were further analyzed ( Figure S2 ).
We obtained 189 DR-responsive genes from our bioinformatic approaches (Table S2-S4) . Of these, 75 were upregulated and 114 were down-regulated (Fig. 1) . For 106 genes, the function is not known or the predicted function has not been analyzed in depth. Of these, 54 genes are nematode specific, while 45 genes are evolutionarily conserved (Table S2 , Fig. 1 ). Thirty-three genes have been described in the context of DR (Table S3) . For 45 genes, we found clear functional annotations, but these genes have not been analyzed under DR yet (Table S4 ). Sequence conservation of the 189 genes identified was further analyzed with public databases. Ultimately, 20 and 25 genes are up-regulated and down-regulated, respectively, in response to DR (Table 1 , Fig. 1 ) and are highly conserved from worm to man. Of the up-regulated genes, 16 were subsequently tested in C. elegans.
Allocation of identified genes into functional clusters and networks
The DAVID tools were used to allocate the identified genes into functional gene clusters. The 25 down-regulated genes assemble into five clusters (Table S6) . Cluster 1 (pcp-3, pcp-2, K10B2.2, asp-2, T18H9.2, Y40D12A.2 and Y16B4A.2) contains genes involved in proteolysis and lysosomal activity. Cluster 2 (C49C3.9, F40F4.6, T25C12.3, T25C12.5, clec-41, C48B4.9, ZK899.2, hpo-34, F57F4.4, col-101, C29F3.7b and F40F4.6) encompasses genes involved in the positive regulation of growth. Of note, the genes in these clusters are down-regulated under DR. This result agrees with previous studies showing decreased growth under DR (Tain et al. 2008) . Cluster 3 (col-80, col-8, col-184, col-143 and col-19) exclusively contains genes that encode collagen isoforms. The genes in cluster 4 (ugt-22, ugt-26 and ugt-41) encode UDP-glucuronosyl/UDP-glucosyl transferases. When we analyzed the function and functional domains of these genes, we found that an extraordinarily high number (27) of down-regulated genes are members of the CUB-like domain protein family (Table S5, S10) . Furthermore, we found groups of genes that are involved in lipid homeostasis (20), amino acid metabolism (11), synthesis of small signaling molecules (8) and innate immunity (5) (Fig. 1b, Table S7 ).
Next, we analyzed the identified genes with respect to functional interconnections. We noticed a general high interconnectivity between genes that are involved in amino acid metabolism (F57F5.1), fatty acid desaturation (Table S7) ; for instance, the gene that encodes the muscle positioning protein MUP-4 displayed a high degree of interconnectivity with other DR-regulated genes. Seven out of ten interacting genes are part of our gene list (Table S2-S4 ). An additional 14 genes are part of the MUP-4 network, indicating that mup-4 functions as a hub gene in the regulation of DR-related processes ( Figure S3A ). The lysosomal protective gene Y40D12A.2 interconnects with several genes (i.e., kin-2, ftn-1) that have not been described in the context of lysosome function ( Figure S3B ).
Heat stress resistance and life span of selected C. elegans mutants grown under ad libitum and dietary restriction conditions
For functional analysis, we chose evolutionarily conserved genes that are consistently up-regulated under DR and searched for appropriate loss of function C. elegans mutants from public resources. We tested survival under heat stress in sixteen mutant strains that were grown under moderate DR, stringent DR and AL conditions (Fig. 2 , Table S11 ). Given that DR conditions are frequently associated with enhanced resistance to stress, the thermotolerance assay is appropriate (Lithgow et al. 1994) . As previously described (Gerisch et al. 2001) , DR-fed N2 wild-type worms show increased resistance to heat stress compared with AL-fed worms. This DR response is abolished in the mutants hsp.12.6, fkb-4, ikb-1, C05D11.7, tsp-15 and C33A11.1; in fact, heat resistance in these strains is reduced in DR compared with AL conditions. The other strains show a similar (F35E12.8 and cpr-2), reduced (nhr-85, prk-2, dod-17 and dod-24) or increased (dod-22, odr-10, ftn-1 and sup-12) DR response compared with wild type. Because DR increases life span in several species (Mair and Dillin 2008) , this important DR response was analyzed in three selected mutant strains (Fig. 3 , Table  S12 ). The mean life span of N2 wild-type worms was increased by approximately 20 % in DR-fed worms compared with AL-fed worms. The increased life span in response to DR is completely abolished in fkb-4, dod-22 and ikb-1 mutants. This result was obtained under moderate as well as stringent DR conditions.
Discussion
In this study, we identified 189 genes that are differentially expressed in response to DR. Based on sequence homology, approximately 25 % of these genes are evolutionarily conserved, but their functions are not known. Among this group, 32 genes were also identified using a functional ortholog approach (Meinel et al. 2011) , suggesting that the functions of these genes are similar between species. Thus, the 32 identified genes are prime candidates for playing a crucial role in the DR response. Based on this strategy, sixteen genes that are up-regulated in response to DR were tested in C. elegans. We found that eight of these genes are indeed necessary for resistance to heat stress, which is an established DR response (Lithgow et al. 1994) . Moreover, three of the genes were identified as necessary for life span extension under DR conditions. Recently, two remarkable analyses have been published in which high-throughput technologies, data mining and sequence comparisons between species were also used to predict the function of uncharacterized genes. By assuming that most biological processes are regulated by protein complexes, Tacutu and colleagues uncovered new genes involved in the regulation of life span by systematically analyzing interacting proteins that are encoded by known longevity genes found in C. elegans and humans (Tacutu et al. 2013 ). Depuydt and colleagues searched for overlapping sets of C. elegans proteins that are differentially expressed in response to DR and in the daf-2 mutant (Depuydt et al. 2013 ). Similar to the results from our study, both publications revealed novel genes of the DR response by combining bioinformatic approaches with functional assays. Thus, data mining of ''-omics'' data sets is a useful approach for the detection of as-of-yet unknown key players in fundamental biological processes within and across species. In the future, the increasing availability of mutant strains enabled by the (Thompson et al. 2013) will facilitate the systematic analysis of a large number of putative functional orthologs in the C. elegans model organism. It is also important to mention that the effects of DR on health parameters and gene expression are abolished after 6 months of refeeding in mice (Giller et al. 2013) . This has to be taken into account in future studies.
Although cpr-2, odr-10, sup-12 and ftn-1 are consistently and highly up-regulated in response to DR, DRinduced resistance to heat stress was not abolished in the corresponding mutant strains. It is possible that these genes are necessary for other DR responses, such as reduced brood size (Mair and Dillin 2008) or reduced body size (Palgunow et al. 2012) . In line with this, the levels of the predicted DAF-16-interacting protein DAF-22 displayed no changes in response to DR. DR-mediated heat stress tolerance was not affected in daf-22 mutants, and increased longevity in response to DR was completely abolished in this mutant. Alternatively, the functions of cpr-2, odr-10, sup-12 and ftn-1 might be redundant with paralogous genes. For instance, the cytoskeleton protein encoded by the sup-12 gene has 18 paralogs, and the G-protein-coupled receptor encoded by the odr-10 gene has 25 direct paralogs. Thus, functional redundancy of identified DR-responsive genes might explain why functional tests of these genes are not always consistent.
In our analysis of DR-responsive genes, the number of down-regulated genes is higher than the number of upregulated genes (114 versus 75, respectively). One prominent group of down-regulated genes encodes proteins containing a CUP-like domain and a signal peptide, indicating that these proteins are secreted. Similar genes are . The CUB-like domain consists of approximately 130 amino acids and contains two conserved cysteine residues (InterPro). The CUB-like domain is related to the CUB domain, which consists of approximately 110 amino acids and contains four conserved cysteine residues that likely form two disulfide bridges (Bork and Beckmann 1993) . In C. elegans, proteins containing the CUP-like domain act in the pathogen and immune response and are predominantly expressed in the intestine and neurons (http://worm-tissue.princeton.edu). They are up-regulated in response to the pathogens P. aeruginosa and Y. pestis (Bolz et al. 2010; Cornejo Castro et al. 2010; O'Rourke et al. 2006; Shapira et al. 2006; Troemel et al. 2006) . RNAi against genes (dod-24, C17H12.8 and F08G5.6) that encode CUP-like domain-containing proteins resulted in an enhanced susceptibility to pathogens, indicating functions in the immune response. The induction of CUP-like domain-encoded genes by pathogens depends on p38 MAPK (Alper et al. 2007 ), the intestine-specific GATA transcription factor elt-2 (Shapira et al. 2006 ) and the phospholipase egl-8 (Kawli et al. 2010) . Genes containing the CUB-like domain are also induced by exposure to other stress factors such as X-rays (O' Rourke et al. 2006) . So far, the function of CUP-like domain-containing proteins in the DR response is not known. The best-known members of this family are described as ''downstream of daf-16'' (dod) (Lee et al. 2008; Sakaguchi et al. 2004 ). Thus, DR-induced down-regulation of genes that encode CUP-like domain-containing proteins might be mediated by the FOXO-like transcription factor DAF-16. Nevertheless, the physiological function of these genes in the DR response remains obscure. We found eight genes (C05D11.7, nhr-85, prk-2, tsp-15, hsp-12.6, ikb-1, dod-22 and fkb-4) that are up-regulated in response to DR and are necessary for the DRinduced resistance to heat stress. Moreover, increased life span in response to DR is abolished in dod-22, ikb-1 and fkb-4 mutants. Except for hsp-12.6 (Uno et al. 2013 ), all genes have not been annotated in the context of DR. Interestingly, seven out of eight genes seem to be responsive to certain stress signals such as metabolic stress (dod-22, fkb-4 and nhr-85), DNA damage (ikb-1), heat shock (hsp-12.6) or cancer-like overgrowth (prk-2 and tsp-15). Very recently, the Ruvkun lab discovered the cellular surveillance-activated detoxification and defenses (cSADDs) pathway, which has a central cytoprotective role in the regulation of longevity (Melo and Ruvkun 2012; Shore and Ruvkun 2013; Shore et al. 2012) . Here, we propose that most of the identified DR-responsive genes are components of this cSADDs pathway, which is, among others, important for the survival of organisms during food deprivation.
